Energetic contributions at single-residue level to retinal-opsin interaction in rhodopsin were studied by combining molecular dynamics simulations, transition path sampling, and a newly developed energy decomposition approach. The virtual work at an infinitesimal time interval was decomposed into the work components on one residue due to its interaction with another residue, which were then averaged over the transition path ensemble along a proposed reaction coordinate. Such residueresidue mutual work analysis on 62 residues within the active center of rhodopsin resulted in a very sparse interaction matrix, which is generally not symmetric but anti-symmetric to some extent. 14 residues were identified to be major players in retinal relaxation, which is in excellent agreement with an existing NMR study. Based on the matrix of mutual work, a comprehensive network was constructed to provide detailed insights into the chromophore-protein interaction from a viewpoint of energy flow.
Induced structural changes ultimately lead an activated rhodoposin, which triggers the remaining visual cascade. [9] [10] [11] [12] The photoactivation process of rhodopsin has been intensively studied by both experimental and computational approaches. [6] [7] [8] Till now, the structural models of the dark state, intermediates and the activate state are largely known, [24] [25] [26] [27] [28] [29] [30] [31] which formed the basis for numerous computational studies. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Computational studies, especially molecular dynamics (MD) simulations in realistic environments and mimicked physiological conditions, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] provided detailed structural and dynamical information of the conformational changes in the photoactivation process at the atomistic level, however detailed analyses of the change of potential energy terms, especially the energy components involving a single residue, are less commonly touched. The knowledge on the change of energy components at the per-residue or per-coordinate level in the photoactivation process are crucial to answer the questions: which residues are critical for the process and what are their quantitative contributions in the different stages of the transition from one intermediate to the other. Such an information is essential for example in the understanding of protein-ligand interactions and in the development of structural-based pharmacophores with GPCRs as the drug target.
The energetic understanding is limited by the following facts. 1) The current energy decomposition methods, for instance the decomposition of free energy, 51, 52 involves only specific energy terms (or energy components between two atoms or two groups of atoms), they do not distinguish the energy contribution from one group to the other or the other way around; 2) Although methods, e.g., the molecular mechanics-generalized Born surface area (MM/GBSA) approach, can perform per-residue or per-atom decomposition, they usually assume an symmetric contribution of the en-ergy from one group to the other and thus evenly divide the energy term to each group; [53] [54] [55] 3) The energy decomposition are performed either in a two-end-state way or along an artificial pathway.
However, the energy contribution from one group to the other does not equal and simple approximations may result in unreliable results. The dependence of the energy decomposition to the detailed path of integration 56 suggests that the energy decomposition should be done along the actual path that the reaction follows, that is the reaction coordinate. When the sign is reversed, the change of potential energy can be viewed as the virtual work done to the system. Here, we proposed a method that decomposes the virtual work at an infinitesimal time interval into work components on different residues, which were then averaged over the transition path ensemble (thus termed ensemble averaged work, EAW) along the committor, which was considered to be the "best" reaction coordinate. 57 The method is a straightforward extension of an existing method, in which the energy decomposition was performed at the single-coordinate level along the committor in a transition path ensemble. 58, 59 At the early stage of the photoactivation process in rhodopsin, the first intermediate after light absorption is photorhodopsin, which thermally relaxes within several picoseconds to bathorhodopsin (Batho). On a nanosecond time scale, Batho is in equilibrium with the blue-shifted intermediate (BSI) , which decays to form lumirhodopsin (Lumi), an intermediate with a lifetime of microseconds. [13] [14] [15] [16] The dynamic details of the process has been well-studied by previous molecular dynamics simulations. 36, 38, 49 In this work, we evaluated the contributions of each residues in terms of EAWs during the transition from Batho to BSI, which is the preliminary step towards a thorough understanding of the whole photo-activation process and also of profound implications for protein-ligand interactions. The EAW on a residue was then further broken down into work components for single residues. Such residue-residue mutual work analysis yielded a matrix of mutual work among almost all residues within the active center of rhodopsin, from which a sparse network of mutual works was constructed. The interaction network revealed novel insights into the chromophore-protein interaction. The transition was demonstrated to be mainly driven by the relaxation of the distorted retinal. TRP265, TYR268 and THR118 are the three prime residues that impede the relaxation.
Four residues in the close vicinity of the visual pigment formed a cluster of residues with significant mutual works to each other. In addition, we provided fine details on how the surrounding residues participated in the transition by decomposing residue-wise energy contributions into translational, rotational, and vibrational terms.
Results and Discussions
Dynamics from Bathorhodopsin to BSI The transition from Bathorhodopsin to BSI takes place in a ns timescale and brute-force molecular simulations can simulate such transitions at the atomistic level. 5, 36, 38, 39, 49 Starting with the 3D structural model of Bathorhodopsin (PDB ID: 2G87), which is embedded in an explicit lipid bilayer, we simulated the early relaxation process of the retinal. It was suggested that the structures of Batho, BSI and Lumi can be distinguished by the distance between the residue ALA169 and the β-ionone ring. 38 We thus plotted the distance between the CA atom of the residue PRO170 and the C4 atom of the retinal (see Fig. S7 for names of the atoms in the retinal) as a function of time in Fig 1B, from which three distinct states can be easily identified to be Batho, BSI and Lumi. Several transitions between Batho to BSI were observed within the first 30 ns of the simulation before it relaxed to Lumi.
The transition from Batho to BSI completes within a time interval that can be as short as 20 ps, it is thus feasible to harvest by transition path sampling (TPS) 60,61 the transition path ensembles of such transitions (see Methods for simulation details of TPS). By structural analysis of the transition paths from Batho to BSI, the β-ionone ring was observed to move away from TRP265 and displaces MET207 from its original place, and meanwhile rotate about 60 degrees along its long axis (see Fig. 1A and S2). The relaxation dynamics and the structures of BSI and Lumi were consistent with previous computational studies. 36, 38 Total EAWs on single residues are comparable to k B T To identify the key residues that participate in the transition from Batho to BSI, we calculated the committor of each transition path in the transition path ensemble with a fitting procedure, 62 and then estimated the overall EAWs of LYR296 and its 61 neighboring residues (for the list of these 62 residues see Table S1 ; LYR296 or K296 R represents the residue of LYS296 covalently bound to the retinal) along the committor, which was quantified as P B , the probability to relax to Lumi first when starting with a given snapshot (see Methods for more details). As shown in Fig. 2A , the EAWs of each residue along the committor are comparable to thermal fluctuations, with the value close to k B T . Only the EAWs of LYR296 are slightly higher than k B T around P B = 1. Thus, it is hard to tell which residue is more importantly involved in the transition. As each residue are interacting with many surrounded residues, lipids and water molecules, such complex environment may cause a dramatic fluctuation of the force on each residues and thus the fluctuation of the EAWs.
Retinal Relaxes Its Internal Energy
In order to gain clearer results, it is thus helpful to remove the interaction of each residue with its environment, that is to check the EAW of each residue due to the change of its internal energy. We thus excluded the interaction between the residue and their environment and estimated the EAWs of each residue along the committor only due to the interactions within the residue itself (see Fig. 2B ). If a residue undergoes significant conformational changes during the transition, the magnitude of EAWs along the committor due to the change of the internal energy will be high. The EAWs of LYR296 is postive and increases to as high as 15 kJ/mol at P B = 1, indicating that the distorted retinal is gradually relaxing during the transition. Other residues undergoing obvious conformational changes are MET207, PHE208, and PHE212. While the EAWs of all other coordinates are comparable to 1 kJ/mol, indicating no significant conformational changes.
Prime residues in retinal relaxation
Comparing the EAWs of LYR296 with and without the environment (see Fig. 2A and 2B), it is obvious that the protein environment have played the role to counterbalance the strong internal energy change of LYR296. To gain insight into the origin of such counterbalancing at a singleresidue level, we estimated the EAWs of LYR296 due to its interaction with each surrounding residue (the 61 residues in the list of Table S1 other than LYR296), and the results are shown in Fig. 2C .
The counterbalancing EAWs are mainly from residues TYR268, TRP265 and THR118. Around the transition state where P B = 0.5, the EAWs from TYR268, TRP265 and THR118 are all about 4 kJ/mol. When the surrounding residues prevent the relaxation of LYR296, they also receive the work done by LYR296, we thus also estimated the EAWs of each surrounding residue along the committor due to the work done by LYR296 (see Fig. 2D ). LYR296 carried out significant amount of work to TYR268 and MET207, but not TRP265, although the work to LYR296 performed by TRP265 was significant ( Fig. 2C) . Apparently, the works performed to each other for a pair of residues are not necessarily of equal magnitude and opposite sign, although the forces acting to each other are according to Newton's third law. Note that, MET207 performed negligible work to LYR296 (Fig. 2C) , while the work performed by LYR296 to MET207 was ∼2 kJ/mol at the transition state where P B = 0.5. In addition, Residues GLY121, GLU122, ILE189, and PHE212 were involved in the retinal relaxation with smaller but significant contributions.
Interaction matrix from residue-residue mutual work analysis
The above analysis has revealed the details of EAWs related to LYR296, however the quantitative interaction network between all the neighboring residues can provide further details on how the residues contribute to the relaxation of the retinal. Thus, for all the 62 residues, we estimated the EAWs on one residue due to its interaction with another residue along the committor. Such analysis generated 62×62=3844 curves as a function of the committor. For such large number of curves, it is hard to clearly visualize them in the way as shown in e.g., Fig. 2B . As the barrier of the transition is expected to located at the transition state, that is where P B = 0.5, we thus took the averaged results in P B ∈ [0.45, 0.55] as the EAW on residue i due to its interaction with residue j as the element [i, j] of the interaction matrix around the transition state. The interact matrix is plotted in Fig. 3A .
Note that, the results shown in Fig. 2B, 2C , and 2D are the diagonal elements, the 60th column, and the 60th row, respectively. As expected, the interaction matrix is generally not symmetric. Most of the interactions are very small, while the significant interactions occurred among just few residues.
Although the works for a pair of residues are not of equal magnitude, it is generally true that they are of opposite sign.
By assuming that the matrix elements of values larger than 1.5 kJ/mol are significant, we removed the residues whose column and row elements are all less than 1.5 kJ/mol and obtained 26 residues (see Table S2 for the list). To further narrow down the set of main residues involved in the transition, we then summed the elements in row and column of each residue within this 26×26 matrix (see Figure   S3 ) and removed 12 residues with negligible work around TS in combination with other criteria (see Figure S4 ). Thus, the reduced matrix consists of 14 residues (for the list of residues see Table S3 ) and is shown in Fig. 3B . Note that 10 out of the 14 residues have significant EAWs due to either the change of its internal energy or the interaction with LYR296 (see Fig. 2 and S4 ). Most of 14 residues were also reported to be important in the activation of rhodopsin in a study combining NMR measurements and MD simulations. 44 The EAWs along the committor from the interactions among the 62 residues, the EAWs from the interactions among the 26 residues, and the ones among the final 14 residues give similar results (see Fig. S5 ), indicating that the 14 residues counts for almost all the significant interactions during the retinal relaxation, while all the others play the role of thermal bath. Table S1 . Each element [i, j] is the energy contribution from residue j to residue i (or the work done by residue j on residue i). (B) The 14×14 matrix of EAWs at the transition state among the 14 residues listed in Table S3 . For the exact values of the EAWs see Table S5 . In plots A and B, color coded according to the scale on the right, which is in unit of kJ/mol. (C) The positions of the selected 14 residues are highlighted in the structure of rhodopsin. The side and top views are shown in left and right, respectively. The CA atoms of all the residues but LYR296 are shown as spheres and colored according to the helix or loop in which they are located. The retinal is shown in ball-stick model in blue. (D) The interaction network of the 14 residues in term of residue-residue mutual works. Residues are in the same colors as the ones in plot C. Positions of residues relative to each other resemble the ones on the right of plot C. The arrow pointed toward a residue indicates the mutual work on the residue. Black and red arrows denote the positive and negative work, respectively. The thickness of an arrow indicates the magnitude of the work. Circular arrow means the mutual work due to the internal energy change of the residue itself.
Network of mutual works among key residues
The positions of the 14 residues are shown in Fig. 3C , which mainly fall into four groups: TRP265 and TYR268 are on the helix 6 (H6); the MET207, PHE208, VAL209, and HIS211 on H5; the residues PHE116, ALA117, THR118, GLY121, and GLU122 are on H3; and residues GLU181 and THR189 on the extracellular loop 2 (EL2). The 14×14 matrix in Fig. 3B is quite sparse as well. There are three main types of mutual works: (1) the work performed to LYR296 by the surrounding residues;
(2) the work performed by LYR296 to the surrounding ones; (3) a cluster of mutual works among the residues 207, 208, 209, and 211 on H5. The interaction network of residue-residue mutual work among the 14 residues is then constructed and shown in Fig. 3D . The energy stored in the distorted retinal apparently provides the driving force for the conformational relaxation of the retinal, while TYR268, TRP265, and THR118 are the three major residues to prevent such relaxation. These three residues interact with LYR296 in quite different manners. For example, TRP265 and THR118 interact with LYR296 'softly', in which the work performed to one residue (LYR296) is large while the work performed to the other (TRP265 or THR118) is much smaller and can be even negligible.
However, TYR268 interacts strongly with LYR296 in a rather rigid way, in which they perform work to each other with opposite sign and comparable magnitude. The overall change of the interaction energy is thus close to zero and it would be mistakenly regarded as an unimportant residue. These results indicate the necessity to decompose the interactions into residue-residue mutual works.
Contributions to the translational, rotational, internal movements of the retinal
As TYR268, TRP265, and THR118 are the three main residues that performed significant work to LYR296, we broke down the EAWs on LYR269 from each residues into components resulting from the translational, rotational, internal (or vibrational) movements of the retinal during the transition.
The results of such component analysis for TYR268, TRP265, and Thr118 are shown Fig. 4 . Although these three residues perform comparable amount of negative work to the retinal, the way that they prevent the relaxation of the retinal are quite different. Both TYR268 and THR118 mainly impede the external movement of LYR296, while TRP265 mostly disfavor the internal organization of LYR296. TYR268 facilitates the translational movement while largely impede the rotational Figure 4 : Component analysis of the EAWs on LYR296 from single residues: TYR268 (left), TRP265 (middle), and THR118 (right). The EAW on LYR296 from each residue (black) is decomposed into the internal (red) and external (green) parts. The latter is further broken down into translational (blue) and rotational (purple) components. The error bar is the standard error of the mean. movement of LYR296, while THR118 disfavor the translational and rotational movement equally.
Concluding Remarks
MD simulations and transition path sampling were performed to study the dynamics of retinal relaxation in rhodopsin during its transition from Batho to BSI. The observed dynamics was largely consistent with previous computational studies. 14 key residues were determined to be major players in retinal relaxation by a newly proposed energy decomposition method named residue-residue mutual work analysis, in which the work on a residue due to its interaction with another residue was averaged over the transition path ensemble along the committor, a best approximation of the reaction coordinate. Most of these 14 residues were also reported to be fundamental in the activation of rhodopsin from an NMR study. 44 Thus, residue-residue mutual work analysis could be a reliable approach to identify the dominant contributors in molecular interactions.
Decomposition of the interaction energy between two residues into two mutual works on each other showed its advantage. The net change in interaction energy between two residues can be negligible, while they can perform great amount of mutual works to each other (with opposite sign), as seen in Fig. 3D for LYR296 and TYR268. Such important residues could be missed without the mutual work to each other being estimated.
The resulted matrix of EAWs among the 14 residues was very insightful. It could be general to protein-ligand interactions that the interaction matrix of EAWs is not symmetric but anti-symmetric to some extent. Its sparsity was consist with the general scenario that some key residues dominated the protein-ligand interaction as single-residue mutations in a protein could reduce dramatically the binding affinity of its ligand.
The constructed interaction network provided comprehensive details at single-residue level on how the retinal interacts with the key residues. It would be plausible to propose the following detailed mechanism for the chromophore-protein interaction from Batho to Lumi. All the residues other than the 14 residues were assumed to form the thermal bath of the system. From the viewpoint of energy flow, there were three major ways that the strained energy in retinal were dissipated to bath-mode residues in the thermal bath: (1) A main part of the energy stored in the retinal indirectly passed to bath-mode residues via several key residues, such as TYR268, TRP265, and THR118; (2) A significant part of the energy dissipated indirectly via a group of atoms (the residues MET207, PHE208, VAL209, and HIS211 on H5) that formed a close interaction network; (3) The rest of the energy passed to the thermal bath directly. Here, dissipation means that the EAWs on a residue from another residue is very small and thus can be considered as thermal fluctuations.
EAWs on the retinal from three key residues were further broken down into translational, rotational, and internal components, which provided further insights into the dynamical details of protein-ligand interaction. Residues were observed to act similar overall EAWs on the retinal, but their behaviors were dissimilar on different modes of movements of the retinal. Some of them mainly prevented its overall movement, while others impeded the reorganization of its configurations.
The systematic component analysis at single-residue level could be also carried out to quantify the influences of single-residue mutations on protein-ligand interactions. The resulted interaction matrices and the decomposed work on different modes of movement of the key residues involved in protein-ligand interactions could be beneficial to the construction of structure-based pharmacophore models to enhance virtual screening in computer-aided drug discovery. 63 We expected that the applied decomposition scheme can be extended to other biomolecular interactions, for instance, protein-protein interactions.
Methods
In this section we briefly introduce the MD simulations carried out and the residue-residue mutual work analysis. Further details are provided in Supplemental Methods.
MD Simulations
All simulations were performed with the modified software suite GROMACS-5.1.1 64 with transition path sampling implemented. The c36 CHARMM force field 65 was used for the whole system except the retinal, whose force field parameters were adapted from recent literatures. 66, 67 The TIP3P water model was used. The starting structure of Batho was taken from the Protein Data Base (PDB ID 2G87). 27 Unnecessary heteroatoms were removed and the protonation states of all titratable residues were carefully assigned. 36, 68 The protein was embedded in an explicit lipid bilayer and then hydrated in a box of explicit waters and ions at physiological concentration using the CHARMM-GUI webserver 69 (see Fig. S6 ). Proper energy minimization and equilibration were performed before a 80 ns production run to simulate the relaxation of the retinal from Batho to Lumi (see Fig. 1B ) in the NPT ensemble. The system was coupled to Berendsen baths to keep bath the temperature and pressure constant. 70 An integration time step of 2 fs was used with constraints to bonds involving hydrogen atoms using the LINCS algorithm. 71 The force-switch modifier 72 and particle mesh Ewald method 73 were applied for Lennard-Jones interactions and long-range electrostatic interactions, respectively.
All molecular structures were visualized with VMD. 74 In transition path sampling, the Batho and BSI states were defined by two order parameters: the distance between the CA atom of the residue PRO170 and the C4 atom of the retinal, and the angle formed between the CA atom of the residue GLU122, the C6 and C18 atoms of the retinal.
Starting with an initial path taken from the 80 ns production run, 800 independent transition paths were sampled. Transition paths were 20 ps in length. The time step was changed to 0.5 fs, and the method for temperature coupling was changed to the velocity rescaling algorithm. 75 The committor of a configuration was estimated by shooting 20 trajectories, each trajectory with a maximal length of 100 ps. The fitting procedure recently developed 62 was applied to evaluating committors of all frames in each path.
Residue-Residue Mutual Work Analysis
The infinitesimal virtual work of a polyatomic system can be decomposed as follows,
where F i and r i are the force on and the position of atom i, respectively. Analogy to an existing approach, 59 the virtual work on an atom i upon an infinitesimal change of the committor P B from P * B to P * B + ∆P B in the transition path ensemble is given by
whereṙ i (Ṗ B ) is the time derivative of r i (P B ) and Φ(x) is a Heaviside step function. · · · P B =P * B stands for averaging over all the snapshots with P B = P * B in the transition path ensemble. The term in Eq. 2 is thus named the ensemble averaged work or EAW. The EAW on a residue is then obtained by summing over all its atoms.
In classical MD simulations, the force (F i ) on an atom i can be decomposed into pairwise forces between itself and all the other atoms, 76 that is, F i = j =i F ij with F ij the pairwise force on atom i from atom j. Thus, the EAW on a residue can be further broken down into contributions from each residues. The EAW on a residue k from a residue l is given by,
The EAWs along the committor is simply the summation of the EAWs upon each infinitesimal changes of the committor.
It was reported that a complete set of coordinates can be constructed to separate the translational, rotational, and vibrational movements of the system. 77 Thus, the translational, rotational, and vibrational components of EAWs can be obtained by the summation of EAWs on the corresponding coordinates.
